Fanconi anemia (FA) is a rare autosomal recessive and X-linked chromosomal instability disorder. At least eight FA proteins (FANCA, B, C, E, F, G, L, and M) form a nuclear core complex required for monoubiquitination of a downstream protein, FANCD2. The human FANCF protein reportedly functions as a molecular adaptor within the FA nuclear complex, bridging between the subcomplexes A:G and C:E. Our x-ray crystallographic studies of the C-terminal domain of FANCF reveal a helical repeat structure similar to the Cand1 regulator of the Cul1-Rbx1-Skp1-Fbox Skp2 ubiquitin ligase complex. Two C-terminal loops of FANCF are essential for monoubiquitination of FANCD2 and normal cellular resistance to the DNA cross-linking agent mitomycin C. FANCF mutants bearing amino acid substitutions in this C-terminal surface fail to interact with other components of the FA complex, indicating that this surface is critical for the proper assembly of the FA core complex.
Fanconi anemia (FA) 3 is an inherited chromosomal instability disorder manifesting a variety of congenital malformations, pancytopenia, and a predisposition to cancer (1, 2) . Cells from FA patients are particularly sensitive to DNA cross-linking agents such as mitomycin C (MMC) (3) and diepoxybutane (4) , suggestive of defects in a pathway that normally promotes genomic stability by responding to cross-link damage. FA is a genetically heterogeneous disorder for which at least 12 complementation groups (A, B, C, D1, D2, E, F, G, I, J, L, and M) have been identified to date. Genes defective in 11 of the complementation groups have been cloned and shown to cooperate in a common biochemical pathway (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . FANCA, B, C, E, F, G, L, and M (11, 14 -18) form a putative E3 ubiquitin ligase core complex in the nucleus. The integrity of the core complex is essential for the monoubiquitination of FANCD2 (19) during the S-phase of the cell cycle (20) as well as for the upsurge of FANCD2 monoubiquitination following DNA damage by cross-linking agents, ultraviolet or ionizing radiation, and hydroxyurea-induced nucleotide depletion (19, 21) . The recently discovered FA-I complementation group has a defect in FANCD2 monoubiquitination with no apparent effect on the FA core complex (22) , suggestive of additional complexity in the FA damage response pathway. Following exposure to DNAdamaging agents, monoubiquitinated FANCD2 moves into the chromatin fraction where it may function in repairing DNA damage by homologous recombination (23) (24) (25) .
Only three subunits of the FA core complex include regions of homology to proteins of known function or structure. FANCL possesses an N-terminal WD40 repeat region that mediates interactions with the FA complex (58) and a C-terminal plant homeodomain finger domain required for E3 ubiquitin ligase activity (11) . The human FANCM protein is an ortholog of the archaeabacterial helicase-associated endonuclease for fork-structured DNA and contains both DNA helicase-like and endonuclease-like domains (14) , suggesting a direct role for the FA core complex in the processing of DNA damage. FANCG contains several putative tetratricopeptide repeats (TPRs) (27) . TPR domains typically serve as protein interaction modules within multisubunit enzymes (28) or as scaffolds for the assembly of multiprotein complexes (29) . Previously characterized TPR repeats consist of a 34-residue motif in tandem arrays of 3-16 copies. Although TPR motifs exhibit a considerable degree of sequence diversity, their structures are remarkably similar. The remaining FA core complex proteins have a predicted ␣-helical character suggestive of helical repeats that might function as a scaffold that interacts with DNA damage response or repair proteins.
The FANCF protein is a component of the FA core complex that is necessary for FANCD2 monoubiquitination (15) . Methylation of the FANCF gene promoter results in the abrogation of FANCF function in a subset of ovarian, oral, lung, and cervical cancers (30 -32) . The C-terminal domain (CTD) of FANCF interacts with FANCG, as shown by yeast two-hybrid analy-sis, co-immunoprecipitation, and in vitro studies (15) . The N-terminal region of FANCF engages in interactions with the FANCC:FANCE subcomplex (33) . In addition, both Nand C-terminal regions of FANCF synergistically support one another's interactions with their respective partners. For example, mutations in the C-terminal half of FANCF partially compromise interactions with FANCC and with FANCE, proteins that bind to the N-terminal half of FANCF (33) . The synergistic interactions of the N-and C-terminal halves of FANCF with the FANCA:FANCG and FANCC:FANCE subcomplexes, respectively, engendered the notion that FANCF functions as a physical adaptor that is essential for the integrity of the FA core nuclear complex (33) . Our x-ray crystallographic studies of FANCF reveal that the C-terminal domain of FANCF comprises a series of helical hairpins arranged in a right handed solenoid. Four loops inserted between these ␣-helical hairpins constitute a significant portion of the protein surface. Residues located in two of these loops are critical for the interaction of FANCF with FANCA: FANCG, a prerequisite for FANCD2 monoubiquitination and normal cellular tolerance of cross-linking agents like mitomycin C. In addition, the FANCF protein is structurally similar to Cand1, a protein regulator of the SCF ubiquitin ligase complex. Our structure and mutational analyses of FANCF provide direct support for the suggestion that the FA protein complex may share structural characteristics with multiprotein ubiquitin ligases.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The FANCF 156 -357 protein was expressed as a thioredoxin fusion using a modified pET32a vector where the enterokinase cleavage site has been replaced with a Prescission protease site. BL21(DE3) cells (Novagen) were induced with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside for 6 h at 16°C. The cells were lysed in lysis buffer (100 mM Tris-HCl, pH 8.0, 100 mM KCl, 5 mM ␤-mercaptoethanol, 5 mM imidazole, 10% glycerol). The cleared cell lysate was passed through a 5-ml HiTrap HP chelating cartridge (Amersham Biosciences). The column was washed with 500 mM KCl and 20 mM imidazole in the lysis buffer. Protein was eluted by on-resin cleavage with Prescission protease (Amersham Biosciences) in cleavage buffer (50 mM Tris-HCl, pH 8.0, 100 mM KCl, 5 mM ␤-mercaptoethanol, 10% glycerol) and applied to a 5-ml HiTrap Q cation exchange cartridge. The protein was eluted by a 50 -1000 mM KCl gradient over 15 column volumes in buffer Q (50 mM Tris-HCl, pH 8.0, 2 mM dithiothreitol, 0.1 mM EDTA, 1% glycerol). In the final step, the protein was applied to an S-200 size exclusion column equilibrated with buffer S (20 mM Tris-HCl, pH 8.0, 50 mM KCl, 2 mM dithiothreitol, 0.1 mM EDTA, 1% glycerol).
Crystallization and Structure Determination-Crystals of FANCF 156 -357 were grown using the hanging drop vapor diffusion method from a 10 mg/ml protein stock. Crystals appeared overnight and grew to maximum size in 3-5 days at 21°C in well buffer containing 100 mM Bistris, pH 7.0, 200 mM Li 2 SO 4 , 20 -25% polyethylene glycol 3350, and 10% ethylene glycol. Two related fragments, FANCF 156 -368 and FANCF 156 -374 , prepared in the same manner, were tested in crystallization, but both of these proteins failed to produce useful crystals. For diffraction experiments, crystals were equilibrated into cryoprotecting buffer (100 mM Na-cacodylate, pH 7.0, 200 mM Li 2 SO 4 , 25% polyethylene glycol 3350, 20% glycerol) and cooled in liquid N 2 .
A mercury derivative was prepared by soaking crystals overnight at 21°C in a cryoprotection buffer containing 0.03 mM ethylmercuric phosphate and 0.03 mM ␤-mercaptoethanol. The crystals belong to the P3 1 2 1 space group with cell dimensions a ϭ b ϭ 96.4 Å, c ϭ 48.0 Å, ␣ ϭ ␤ ϭ 90°, and ␥ ϭ 120°. A single anomalous dispersion data set was collected on the X-12C beamline at the National Synchrotron Light Source in Upton, NY. Diffraction data were processed in HKL2000 (34) . The program SOLVE (35) was used to locate one mercury site in the asymmetric unit. After solvent flattening, a partial model built using RESOLVE (36) was used as a starting point for manual modeling with the program O (37). The model was refined with REFMAC5 (38) using the single anomalous dispersion x-ray data extending to a resolution of 2.4 Å.
Cell Lines and Culture Conditions-Epstein-Barr virustransformed lymphoblasts were maintained in RPMI 1640 medium supplemented with 15% heat-inactivated fetal calf serum and grown in a humidified atmosphere of 5% CO 2 at 37°C. Wild-type (normal adult) lymphoblast lines (39) (PD7 and GM02554) and the FA lymphoblast line EUFA121 (FA-F) were used in this study.
Mammalian Expression Vectors-The retroviral expression vector pMMP-puro was described previously (40) . pMMPpuro-FLAG-FANCF was generated by adding the FLAG tag (DYKDDDDK) to the N terminus of FANCF. Production of pMMP retroviral supernatants was performed as previously described (41) . FANCF mutations were generated by site-directed PCR mutagenesis (QuikChange Kit, Stratagene). Truncations and internal deletions of FANCF were generated with standard PCR cloning techniques.
Retroviral Infection-FA-F lymphoblasts underwent three rounds of infection with supernatant from 293GPG fibroblasts transfected with pMMP-FANCF. Cells were exposed to the virus-containing supernatant for 24 h in the presence of 8 g/ml polybrene (Sigma) followed by incubation for 24 h in regular RPMI (15% fetal bovine serum). After the final round, the infected cells were washed free of viral supernatant and resuspended in growth medium. After 48 -72 h, the cells were transferred to medium containing 1 g/ml puromycin. Dead cells were removed over Ficoll-Paque Plus (Amersham Biosciences AB, Uppsala, Sweden) cushion after 5 days, and the remaining cells were grown under continuous selection in puromycin.
MMC Sensitivity and Chromosomal Breakage Assays-The MMC sensitivity of transduced lymphoblasts was determined as described previously (42) but using the CyQuant cell proliferation assay kit (Invitrogen). Chromosome breakage analysis was performed by the Cytogenetics Core Facility of the DanaFarber Cancer Institute, as described previously (43) .
Antibodies-Antibodies against FANCA (N-terminal) (44), FANCD2 (E35) (19) , FANCF (45) , and FANCG (46) have been described previously. Anti-FLAG antibody (monoclonal M5 or rabbit polyclonal) was purchased from Sigma Aldrich.
Immunoprecipitations-Whole cell extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% (v/v) Triton X-100) supplemented with protease tablets (Roche Applied Science). Each lysate was normalized to contain 2 mg of total protein, and FLAG-FANCF was immunoprecipitated with 50 l of packed M2 anti-FLAG-agarose (Sigma Aldrich) for 24 h at 4°C. The agarose was then washed 3-4 times with chilled lysis buffer. FLAG-FANCF was eluted with either 150 ng/ml FLAG peptide or with SDS sample buffer (Bio-Rad) containing 5% ␤-mercaptoethanol.
Immunoblotting-Cells were lysed with 2ϫ Laemmli sample buffer (Bio-Rad) containing 5% ␤-mercaptoethanol, boiled for 5 min, and subjected to SDS-PAGE in a 3-8% gradient gel (Invitrogen) for FANCD2 or a 4 -12% gradient gel (Invitrogen) with MES buffer (Invitrogen) for FANCA, -F, and -G. After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes using a submerged transfer apparatus (Bio-Rad) filled with transfer buffer (Invitrogen). After blocking with 5% nonfat dried milk in TBS-T (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Tween 20), the membrane was incubated with the primary antibody diluted in TBS-T (1:500 dilution for FANCA, -D2, -F, -G; 1:1000 for M5; and 1:250 for rabbit anti-FLAG), washed extensively, and incubated with the appropriate horseradish peroxidase-linked secondary antibody (Amersham Biosciences). Chemiluminescence was used for detection.
Generation of DNA Damage-Cells growing in RPMI 1640 medium (Invitrogen) supplemented with 15% fetal bovine serum and L-glutamine were exposed to 2 mM hydroxyurea (Sigma) for 24 h. For mitomycin C (Sigma) treatment, see the MMC sensitivity and chromosomal breakage assays section.
RESULTS
The Highly Conserved CTD of FANCF Is a Helical Repeat MotifTwo regions of high sequence conservation are evident when comparing FANCF proteins from human, mouse, toad (Xenopus), and pufferfish, one region near the N terminus, and another close to the C terminus (supplemental Fig. 1 ). Of special note is the highly conserved C-terminal region of FANCF (Fig. 1,  b and c) . Eleven of the 23 residues in the Leu-329 -Leu-352 stretch are strictly conserved in all species compared, and four additional residues retain a conserved hydrophobic character (e.g. Phe or Tyr at position 339; Ile or Val at position 346). Overall, 43 of 374 residues, or 11.5% in human FANCF, are strictly conserved in orthologous proteins, whereas 48% are identical in the Leu-329 -Leu-352 region (Fig. 1b) , and the homology reaches 65% if the four conserved hydrophobic residues are included. We therefore focused our attention on the C-terminal region of the FANCF protein, creating several expression constructs for human FANCF fragments based on the aligned sequences. When fused to thioredoxin, the C-terminal region of FANCF was soluble when expressed in Escherichia coli, in contrast to full-length FANCF, which was completely insoluble. Limited proteolysis of this fragment of FANCF further demarcated a domain that was resistant to proteolytic cleavage with trypsin and proteinase K. Both enzymes produced similar, stable fragments of FANCF that were identified by mass spectrometry and N-terminal sequencing (data not shown). On the basis of these results, three additional expression constructs were generated (see "Experimental Procedures"), and these C-terminal fragments were expressed and purified for crystallographic studies. Well diffracting crystals were obtained for the fragment encompassing residues 156 -357, whereas fragments with additional C-terminal residues failed to produce useful crystals. The structure of the FANCF 156 -357 was determined by single anomalous dispersion using crystals derivatized with ethylmercuric phosphate. The crystallographic model was refined against x-ray data extending to 2.4 Å resolution, resulting in a crystallographic R value of 19% and an R free value of 25% (Table 1 ). The structure encompasses residues Leu-329 -Leu-352, and it highlights several features of the protein that were targeted for mutagenesis and found to be functionally important.
FANCF Has Structural Similarity to Cand1-We searched the Protein Data Bank for proteins that were structurally homologous to FANCF using the DALI (47) server. The CTD of FANCF is most structurally similar to the Cand1 regulatory subunit of the SCF ubiquitin ligase complex (48) (Z score ϭ 7.0), the Cse1p exportin of the Cse1p:Kap60p:RanGTP nuclear export complex (49) (Z score ϭ 5.9), and a hypothetical Epsin N-terminal homology-Vps 27/Hrs/STAM domain AT3G16270 from Arabidopsis thaliana (Z score ϭ 5.8) (59). The Cand1 protein forms an extended solenoid that coils around the SCF scaffold Cul1 (48) . Both the Cand1 and Cse1p proteins are composed of Huntington elongation A subunit target of rapamycin (HEAT) repeats. The HEAT repeats are 40-residue-long, two-helix motifs often found in tandem arrays within functionally divergent proteins (50) . The core region of FANCF encompassing helices ␣1-␣6 of FANCF CTD also bears superficial resemblance to the armadillo helical repeats of importin-␣ (51) and related proteins. However, the candidate armadillo repeats of FANCF do not have hydrophobic core residues in the canonical positions of a true armadillo repeat, indicative of a different packing arrangement between ␣-helices in the FANCF CTD.
Surface Loop Residues Are Critical for Proper FANCF Function-The C-terminal domain of FANCF (CTD, residues 156 -357) consists almost entirely of ␣-helices connected by several loops, with overall dimensions of 58 ϫ 38 ϫ 29 Å (Fig.  1a) . Successive pairs of antiparallel helices, or helical hairpins, are arranged in a right-handed solenoid with an extended shape. The hairpins are composed of helices ranging in lengths from 9 to 18 residues. Four hairpin repeats (HP1-HP4) are formed by helices ␣2-␣9 and capped on either end by helices ␣1 and ␣10 (Fig. 1a) . Short connecting loops join the helices within each hairpin, and the longer connections joining the hairpins together consist of loops that vary in length from 4 to 23 residues.
The N-terminal helix (helix ␣1) of the CTD fragment is amphipathic with an outer, solvent-accessible surface decorated with charged and hydrophilic residues Ser-162 and Thr-165 and Glu-168, -172, and -176. This feature suggests that the CTD fragment derived by proteolytic digestion of FANCF encompasses a complete domain of helical hairpin repeats and that helix ␣1 is solvent-exposed in full-length FANCF. The opposite face of ␣1 is buried inside the core of the CTD by insertion of hydrophobic residues Ala-167, Leu-170, and Leu-174 into a pocket formed by helices of hairpin HP1. The capping helix ␣1 is linked to the first hairpin (HP1: helices ␣2 and ␣3) through an 11-residue loop that is disordered in the crystals. Hairpins HP1 and HP2 are connected by a highly charged, 23-residue loop L2 (residues 211-234) that is also disordered in the crystals.
The buried surfaces of helix ␣1 and hairpins HP1 and HP2 all contribute residues to a continuous hydrophobic interior in the N-terminal region of FANCF CTD. Residues Leu-189, Trp-198, Phe-201, Ile-205, and Leu-209 in HP1 as well as residues Leu-237, Trp-240, Leu-241, Val-247, and Phe-F251 in HP2 point inward to form the hydrophobic core. To test the functional importance of individual residues, we complemented EUFA121 (FA-F) lymphoblasts lacking functional FANCF with retroviral constructs encoding wild-type or mutant FANCF. Not surprisingly, non-conservative substitutions of conserved core residues Leu-209 and Phe-251 (supplemental Fig. 1 ) severely compromised FANCD2 monoubiquitination (Fig. 2) , demonstrating that the folded stability of FANCF CTD is critical for the putative ubiquitin ligase activity of the FA core nuclear complex.
Helical hairpin HP3 (Fig. 1a) is composed of two ␣-helices of uneven lengths. HP3 and HP4 are connected by a 19-residue loop L3 between helices ␣7 and ␣8. L3 forms a short twostranded antiparallel ␤-hairpin that, together with ␣10, caps the C terminus of the FANCF CTD. A strictly conserved tryptophan (Trp-294) appears to anchor the loop in place by burying the tryptophan side chain in the hydrophobic core. Replace- (Fig. 2) . However, deletion of loop L3 (mutant F⌬285-302) completely abrogated FANCD2 monoubiquitination (Fig. 3a) , indicating the importance of the L3 surface loop (Fig. 1a) . Hairpin HP4 is composed of helices ␣8 and ␣9 connected by a polyproline tract (supplemental Fig. 1 , residues Pro-318 -Pro-320) that is highly mutable. Triple alanine substitutions (mutant P318A/P319A/P320A) or the outright deletion of the polyproline tract (mutant ⌬P (residues 318 -320)) does not affect the function of the FANCF protein in our assays (Fig. 2) . Residues Gly-337-Ser-345 constitute a nine-residue loop (L4) that connects helix ␣9 with helix ␣10. Helix ␣9 terminates with Asp-336, a residue marking the beginning of the region with the highest sequence conservation among FANCF orthologs (Fig.  1b and supplemental Fig. 1 ). Asp-336 and the subsequent residues Gly-337 and Asp-338 were strictly conserved. A charge reversal mutation D336R causes a slight reduction of FANCD2 monoubiquitination following hydroxyurea treatment (Fig. 2) . No further defect is evident when both aspartic acids are mutated (Fig. 2, D336R/D338R ).
The C-terminal helix ␣10 of the FANCF CTD packs into a "V"-shaped cleft on the surface of hairpin HP4 (Fig. 1a) and is anchored there by interactions of hydrophobic residues Ile-346, Leu-350, and Leu-354. Mutants P342F and I346A having amino acid substitutions at this interface support a normal response to mitomycin C (Fig. 2) . The crystallized FANCF CTD fragment terminates in residue Gly-357; 17 additional C-terminal residues in the human FANCF protein were omitted for crystallization. These residues are predicted to contain an additional ␣-helix, but they are dispensable for FA complex function (33) . The normal FANCD2 monoubiquitination activity supported by mutants P342F, I346A, P318A/P319A/P320A, ⌬P (residues 318 -320) (Fig. 2) , loop L2 deletion mutant ⌬212-233 (Fig. 3a) , as well as others (supplemental Fig. 2) confirms that, despite the high level of conservation, the CTD of FANCF remains tolerant to harsh mutational challenges. These results are consistent with previous observations (33) and may account for the small number of patients in the FA-F complementation group (60) .
Loops L3 and L4 together form a large surface area on the FANCF CTD. It was previously reported that deletion of a region encompassing the L4 loop abolishes binding to FANCG (33) . We have shown that the precise deletion of loop L3 (mutant ⌬285-302) also profoundly impairs FANCD2 monoubiquitination (Fig. 3a) . We therefore hypothesized that both loops in the FANCF CTD may participate in protein-protein interactions that are critical for the stability and function of the FA core complex. It is notable that both loops are solvent-exposed, yet they contain a number of large hydrophobic residues, including Tyr-287, Leu-289, Ile-293, Val-295, and Val-302 in loop L3 and Phe-339, Val-341, and Leu-344 in loop L4. Residues Tyr-287, Leu-289, Phe-339, Val-341, and Leu-344 are clustered together, and this hydrophobic patch constitutes a significant proportion of the surface area in this region. The patch mutants in which all five residues are changed to either alanine (mutant Patch1A) or aspartic acid (mutant Patch1D) are both markedly deficient in FANCD2 monoubiquitination (Fig. 3a) . These results indicate that residues within loops L3 and L4 contribute strongly to the normal functioning of FANCF, serving as a lynchpin for proper assembly of the FA core complex (see also below).
Mutations in the FANCF CTD Compromise the FA Core Complex Assembly-The physical basis for the defects caused by mutations of the FANCF CTD was explored by isolating and characterizing FA protein complexes from cells expressing these variant FANCF proteins. FANCF mutants with an N-terminal FLAG tag were expressed in FA-F cells (lacking detectable FANCF protein) and confirmed to behave similarly to untagged FANCF (Fig. 3a) . The resulting FA protein complexes were immunoprecipitated with an antibody directed against the FLAG epitope. The immunoprecipitates were subjected to Western blot analysis using antibodies directed toward other FA proteins. The interaction of FANCF with the FANCA: (Fig. 3b) .
The FANCC:FANCE subcomplex reportedly interacts with the N-terminal region of FANCF (33, 53) . Nonetheless, mutations in the CTD of FANCF that interfere with binding to the FANCA:FANCG subcomplex (Fig. 3b) also compromise interactions with FANCC or FANCE (Fig. 3b) , indicating that the FANCF CTD contributes more broadly to the stability of the FA core complex. An antibody directed against FANCA efficiently pulled down the FANCA:FANCG complex from lysates of FA-F cells expressing the FLAG-tagged mutants of FANCF (Fig. 3c) , confirming that this interaction occurs independently of a functional FANCF protein.
FANCF CTD Mutations Compromise Cell Survival upon MMC Exposure-The in vivo consequences of mutations in the FANCF CTD were evaluated with MMC survival assays. The MMC survival data correlate well with the immunoprecipitation results. FANCF-deficient EUFA121 cells complemented with FLAG-FANCF L209R, either of the Patch1 mutants, or the ⌬285-302 (loop L3) deletion mutant were more sensitive to MMC than cells complemented with wild-type FLAG-FANCF (Fig. 4) . Although these CTD mutants failed to interact with other FA core complex proteins in immunoprecipitation assays, they supported more cellular resistance to MMC than uncorrected cells (Fig. 4, EUFA121 ϩ vector) . This result paral- (Fig. 3b) , have only marginally reduced survival upon MMC treatment. As expected, mutants L248R and ⌬212-233 are not significantly impaired in survival. For a direct comparison of all mutants in this study, please refer to supplemental Fig. 3. lels the intermediate sensitivity reported previously (54, 58) . For example, complementation of FA-L lymphoblasts with a plant homeodomain point mutant (W341G) of FANCL partially restored MMC resistance despite significant reduction in monoubiquitination of FANCD2 (58) . This intermediate phenotype may be conferred by low levels of monoubiquitinated FANCD2. EUFA121 cells complemented with the FANCF mutant F251R, which retains a limited ability to interact with the FA core complex (Fig. 3B) , have only marginal sensitivity to MMC (Fig. 4A) . It seems that cellular responses to the damaging effects of MMC persist even when the interactions of FA proteins are significantly compromised.
DISCUSSION
In the absence of homology to proteins of known function or identifiable sequence motifs, it has been difficult to predict or experimentally determine the functions of the FA proteins. The poor solubility and large sizes of FA proteins compound difficulties with protein overexpression for in vitro studies. These characteristics are shared with subunits of the anaphase-promoting complex/cyclosome, a multiprotein E3 ligase involved in cell cycle regulation (55) . Our study presents the first structure of a subunit of the putative FA E3 ligase complex. The CTD of FANCF is most structurally similar to the N-terminal region of Cand1, a regulator of the SCF ubiquitin ligase complex (48) and to the N-terminal region of the nuclear exportin Cse1p (49) . Cand1 and Cse1p are not functionally related, but they make use of analogous structural elements to envelop their respective binding partners. Both proteins are composed of tandem HEAT helical repeats that create extensive proteinprotein contact surfaces. Although clearly similar in the arrangement of the helical architecture, the CTD of FANCF interacts with other FA core complex proteins through two adjacent, exposed loops and not through surfaces created by the repeating helical hairpins (Fig. 5) . This structural and functional difference may explain why helical repeat motifs were not detected within the FANCF amino acid sequence.
Secondary structure predictions for the FA proteins FANCA, -C, -E, -F, and -G suggest that they are almost entirely ␣-helical. Internal helical repeats have been used successfully over the course of evolution to increase the surface area available for protein-protein interactions and to create scaffolds in multiprotein complexes (56) . Given their physical interactions, it seemed worthwhile to search the primary sequences of FA proteins for helical repeat motifs, such as the TPR, armadillo, or HEAT repeats that have well established roles in mediating protein-protein interactions. However, with the exception of FANCG (27) , currently available algorithms (SMART (57), Pfam (26) , and REP (52)) do not detect these helical motifs in FA proteins. Nonetheless, the FANCF CTD bears structural resemblance to HEAT repeat motifs (Fig. 5) , raising the possibility that other members of the FA core complex may also contain non-canonical helical repeat motifs that adopt a solenoidal structure.
In contrast to other well characterized helical repeat proteins that make intimate contacts with protein partners using the surfaces of the exposed ␣-helices themselves, several connecting loops on the surface of the FANCF CTD appear to be especially important for protein-protein interactions (Figs. 3-5) . A targeted deletion of loop L3 or alterations of residues within loops L3 and L4 located on the C-terminal aspect of FANCF has a profound effect on the functioning of the FA pathway (Fig.  3a) , the integrity of the FA core complex (Fig. 3b) , and cell survival upon MMC treatment (Fig. 4) . Mutations that abrogate FANCD2 monoubiquitination include the deletion of loop L3 and the Patch-1 mutants, in which three of the five mutated residues are within the highly conserved cluster of residues spanning Leu-329 -Leu-352 (Fig. 6 ). Loop L3 of FANCF (residues 285-302) is critical for the proper functioning of the FA complex, despite its relatively low level of sequence conservation (Fig. 6a) . It is likely that loop L3 is directly involved in binding and stabilizing the interactions with other FA core complex proteins or it may enforce a conformation of the adjacent conserved surface that is required for such interactions.
In striking contrast, most other surfaces of the FANCF CTD are highly mutable and tolerate non-conservative amino acid substitutions (supplemental Fig. 2 ). For example, the highly conserved cluster of residues spanning Leu-329 -Leu-352 remains tolerant of mutational challenges with, at most, a mild defect in FANCD2 monoubiquitination (Fig. 2) . This tolerance may, in part, explain the low number of patients belonging to the FA-F complementation group. The remaining highly conserved residues in this region are located in the hydrophobic core of the FANCF CTD and are important for the maintenance of the protein fold, as indicated by the functional defects of the L209R and F251R mutants.
In a previous study, it was shown that FANCF can withstand a number of mutational challenges, that the N-terminal residues 1-15 are indispensable for function, and that the N and C termini of FANCF are involved in direct binding to the FANCC: FANCE and FANCA:FANCG subcomplexes, respectively (33) . We find a similar flexibility in the accommodation of amino acid substitutions over most of the surface of the FANCF CTD, with the notable exception of the C-terminal tip around surface loops L3 and L4 (Figs. 1c and 6 ). Taken together, these studies indicate that the central region of FANCF (residues ϳ50 -280) is unlikely to make intimate contact with other proteins of the FA core complex, a conclusion supported by the apparently normal phenotype of large deletions within this region (⌬76 -84 (33) and ⌬212-233, this study). The interaction map shown in Fig. 7 is based on this study and previously published data (33, 53) . The central region of FANCF may simply function as a connector that correctly positions the N-and C-terminal regions for their interactions with the FANCC:FANCE and FANCA:FANCG subcomplexes, respectively (Fig. 7) . In this way, FANCF could closely appose the FANCC:FANCE and FANCA:FANCG subcomplexes and thereby promote secondary interactions that stabilize the FA core complex in a functionally competent configuration.
The elucidation of the structure of the CTD of FANCF (Fig.  1 ) offers many insights into the structural basis of the assembly and function of the FA core complex, including the interplay between N-and C-terminal domains that interact with the FANCA:FANCG and FANCC:FANCE subcomplexes constituting the FA core complex. Despite the apparent lack of readily identifiable structural motifs in their sequences, the FA proteins are likely to contain independently folding domains that will be amenable to structural studies. The shapes of these proteins will provide important clues as to the molecular functions embodied by the FA pathway in responding to DNA damage. Our results support the feasibility of disrupting the FA pathway by chemical means. We have identified a surface of FANCF that is a key contributor to the assembly of the FA core complex and could be targeted with small molecule inhibitors of proteinprotein interactions. Such FA pathway antagonists may sensitize cancerous cells to therapeutic agents such as cisplatin and radiation, enabling more effective treatment with lower incidence of resistance. FIGURE 6 . Locations of mutated residues in reference to the conserved Leu-329 -Leu-352 region. a, locations of invariant (red) and highly conserved (orange) residues on the surface of the FANCF CTD. The conserved residues include those that are buried or those forming a contiguous surface in the CTD of the protein where the surface is composed of loops L3 and L4. b, point mutants (magenta) and a double mutant (cyan) affected in the residues of the FANCF CTD exhibit normal or slightly decreased levels of monoubiquitinated FANCD2 following hydroxyurea treatment. c, deletion of loop L3 or the substitution of multiple residues (green) causes abrogation of FANCD2 monoubiquitination, pinpointing a likely surface for interactions with other FA core complex members. 
